Escherichia coli is the predominant gram negative bacteria responsible for a variety of hospital-acquired infections and urinary tract infections. As the bacterial strains are rapidly acquiring resistance to the available antibiotics, there is a need to discover novel antibacterial agents with different scaffolds. In this study, sixteen novel furan derivatives containing the azetidinone moiety were designed and synthesized to arrive at potentially effective antibacterial agents. In silico antibacterial activity was carried out to identify the specificity of the furan derivatives for the antibacterial targets. Molecular docking studies were conducted on four antibacterial targets of E. coli; Dihydrofolate reductase, DNA gyrase, Enoyl reductase and methionine aminopeptidase. Energy minimization of title compounds was carried out and they were docked on to the active site of the enzymes. Ligands were ranked according to their docking scores and their binding energy with the enzyme. The results obtained for the molecular docking of the title compounds with enoyl reductase of E. coli is quite promising. The study suggests that compounds 4E and 4D are potential inhibitors of enoyl reductase and specifically bind to the enzyme.
INTRODUCTION
Escherichia coli is the predominant gram negative bacteria accountable for a variety of hospital-acquired infections, urinary tract infections and enterocolitis. Escherichia coli is also the frequent cause of life-threatening bloodstream infections. 1 The emergence of several resistant E. coli strains has resulted in a grave health problem. 2 Shockingly, most of these multidrug-resistant strains are picked up in the community. 3, 4 As the bacterial strains are rapidly acquiring resistance to the available antibiotics, there is a need to discover novel antibacterial agents with different scaffolds. Many synthetic compounds containing furan nucleus possess various pharmacological activities such as antibacterial, antifungal, antiviral, antidepressant, anti-inflammatory, anti-ulcer, diuretic and antihypertensive activities. 5, 6 Azetidinones possess antimicrobial, antifungal, antibacterial, antiviral, anticonvulsant, antioxidant, antimycobacterial and anthelmintic activities. 7, 8 In this perspective, sixteen novel azetidinone-furan hybrids were synthesized with the objective of discovering more potent antibacterial which may be effective against E. coli. 9 Virtual screening has been established as a very effective approach for discovery of ligand hits and for assisting lead optimization in structure-based drug discovery. Molecular docking studies of a set of compounds into structures of the target receptor helps to identify prospective lead optimization candidates and hence fewer compounds need to be experimentally screened. Besides identifying small molecules likely to bind well to a protein target, docking methods are used to explain the binding of the synthesized compounds with the target pro-teins to acquire knowledge for structural optimization. All the synthesized furan-azetidinone hybrid compounds (Table 1) were docked onto the active site of the crystal structure of the specific enzymes using "Glide." The specificity of interaction of the furan-azetidinone hybrids were studied on four antibacterial targets of E. coli; Dihydrofolate reductase (PDB ID: 1RX7); DNA gyrase (PDB ID: 5MMO); Enoyl reductase (PDB ID: 1C14); methionine aminopeptidase (PDB ID: 4Z7M). Dihydrofolate reductase catalyzes the reduction of dihydrofolate to tetrahydrofolate which is essential for the synthesis of important metabolites like thymidylate, a building block of DNA. Moreover, as the bacterial DHFR is different from the human enzyme, it has been recognized as a drug target for selectively inhibiting DNA synthesis in bacteria. [10] [11] [12] Enoyl acyl carrier protein reductase (FabI) was identified as a novel antibacterial target. 13, 14 This enzyme catalyzes the final reaction in bacterial fatty acid synthesis. It has recently been shown that FabI2a catalyzes this reaction in Staphylococcus aureus and Escherichia coli. Eukaryotes produce fatty acids via a FAS I system, where the lipids are synthesized using a multifunctional enzyme complex in which all of the catalytic domains reside on one or two polypeptide chains. The ACP is an integral part of this complex. In contrast, prokaryotes utilize the FAS II system where the enzymes which catalyze the individual steps are found on separate polypeptide chains and the ACP is a discreet protein. Therefore, there is considerable potential for selective inhibition of bacterial fatty acid biosynthesis. Methionine aminopeptidase (MetAP) catalyzes the hydrolytic cleavage of the N-terminal methionine from newly synthesized polypeptides. For proteins with small, uncharged penultimate N-terminal residues, a methionine aminopeptidase can cleave the methionine residue. The number of genes encoding for a methionine aminopeptidase varies between organisms. In E. coli, there is only one known MetAP, a 29,333 Da coded for a gene. In humans, there are two genes encoding MetAP, MetAP1 and MetAP2. MetAP1 codes for a 42 kDa enzyme, while MetAP2 codes for a 67 kDa enzyme. Due to the difference in the substrate specificities of bacterial MetAP1, human MetAP1 and human MetAP2, the enzyme is a good target for antibacterial agents. 15, 16 DNA gyrase is an enzyme within the class of topoisomerase (Type II topoisomerase) that relieves strain while double-stranded DNA is being unwound by helicase. This causes negative supercoiling of the DNA. This process occurs in prokaryotes (particularly, in bacteria), whose single circular DNA is cut by DNA gyrase and the two ends are then twisted around each other to form supercoils. Bacterial DNA gyrase is the target of many antibiotics, including nalidixic acid, novobiocin and ciprofloxacin. [15] [16] [17] Novel Bacterial Topoisomerase Inhibitors (NBTIs) represent a new class of broad-spectrum antibacterial agents targeting bacterial Gyrase. [17] [18] [19] 
MATERIALS AND METHODS
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Molecular modeling was carried out using GLIDE (Grid-based Ligand Docking with energetics) 2.0, running on Intel ® Core TM i3-2130 CPU@ 3.40GHz processor using Linux professional workstation.
Preparation of ligands
The 3D structures of the furan derivatives (Table 1) were generated from the corresponding 2D structures with the software. The ligands were prepared using the "Lig-Prep" module. 20 A set of confirmations is generated for each ligand. By means of the standard bond lengths and bond angles, the geometry optimization was carried out with the help of standard OPLS_2005 force field. Finally the energy minimization was carried out and optimized confirmations are taken up for docking.
Preparation of protein
The crystal structures of the target proteins were downloaded from the Protein Data Bank (PDB) extracted from the Brookhaven Protein Database and taken for docking studies. The structures of the proteins were selected based on their resolution, R: enoyl reductase in complex with NAD and triclosan with Resolution, 2 Å (PDB ID 1C14); dihydrofolate reductase complexed with folate (PDB ID 1RX7) having Resolution
"Protein preparation wizard" 21 was used to prepare the protein. Co-crystalized ligand and water molecules were removed, H-atoms were added, disulphide bonds were created and side chains were fixed during protein preparation. The structure was then subjected to an energy refinement and energy minimization procedure.
Receptor Grid generation
The optimized protein with co-crystallized ligand was taken to generate a 3D grid at the active site of the target protein as per the standard protocol of glide manual. The co-crystallized ligand molecule is removed and the prepared ligand is docked in its place. Receptor grid generation allows outlining the position and size of active site of the protein for ligand docking.
Docking protocol
GLIDE module of Maestro was used to study the docking of the furan derivatives on the target proteins. [21] [22] [23] Glide was run on flexible docking mode where the protein is rigid and the ligand is flexible. The binding of the ligands were estimated using a variety of scoring functions that have been compiled into a single Glidescore (GScore). 24 As an empirical scoring function it is comprised of terms that account for the physics of the binding process encompassing a lipophilic-lipophilic term, hydrogen bond terms, a rotatable bond penalty and contributions from protein-ligand coulomb-vdW energies. Additionally, GlideScore includes terms to account for hydrophobic enclosure, which is the displacement of water molecules by a ligand from areas with many proximal lipophilic protein atoms. Primarily beneficial to binding is the formation of one or more protein-ligand hydrogen bonds within the regions of hydrophobic enclosure. Glide uses the Emodel 25 scoring function to select between protein-ligand complexes of a given ligand and the GlideScore function to rank-order compounds to separate compounds that bind strongly (actives) from those that don't (inactives). The Emodel scoring function is primarily defined by the protein-ligand coulomb-vdW energy with a small contribution from GlideScore.
RESULTS AND DISCUSSION
Molecular docking of the title compounds with four potential targets of E. coli was performed. Glide combines a powerful sampling protocol with a value of a custom scoring function designed to identify ligand poses. Individual poses were examined to identify the binding interactions at the active site of respective protein and the ligands were evaluated in terms of Glide score and Emodel. The docked poses were ranked according to their docking scores. The ranking of the compounds was based on their binding energy with the enzyme. If the binging energy is less, the compound is more active. Although docking simulations was carried out in both SP and XP modes of Glide, 26 the XP results are discussed. The chief purpose of XP mode is to weed out false positives and provide a better correlation between good poses and good scores. XP scoring 
Docking of title compounds with enoyl reductase of E. coli
The docking results of the ligands with enoyl reductase is given in Table 2 . XP mode has given significant results with good glide scores and Emodel. Compound 4e with Glide Score -9.195, Emodel -73.407 was found with the highest score. The phenyl groups of 4e have formed pi-pi stacking interactions with PHE 94 and TYR 146 at the active site of the protein (Figure 1 ). The compound 4d with GScore -9.039 and Emodel -60.997 has also exhibited similar interaction with TYR 146. Most of the analogues have good GScores and show common binding interactions with PHE 94 and TYR 146 at the active site. The study suggests that pi-pi stacking interaction with PHE 94 and TYR 146 at the active site might be essential for enoyl reductase inhibition.
Docking of title compounds with DHFR of E. col.
The docking results of the ligands are given in Table 3 .
The XP mode has not given noteworthy results with the target protein. Compound 4c with Glide Score -5.454, Emodel -68.698 was found with highest score. The ligand is forming pi-pi stacking with PHE-31 and pication interactions with ARG-52 at the active site (Figure 2) . Interestingly, all the compounds except 4b and 4o form pi-cation interaction with ARG-52, implying that it might be essential for DHFR inhibition. Nevertheless, GScore was found to be less indicating that the compound has not docked well into the protein pocket.
Docking of title compounds with methionine aminopeptidase of E.coli
The compounds have shown significant results for methionine aminopeptidase at it's active site. The docking results are given in Table 4 . Compound 4h with XP Glide Score -7.606 and Emodel -66.888 was found with highest score among the derivatives. It has formed H-bond with HIE 79. It also displayed pi-pi stacking interactions with HIE 79 and TRP 221 ( Figure 3 ). Most of the compounds have exhibited similar binding interactions with HIE 79 and TRP 221 at the active site indicating that these interactions may be essential for inhibition of the enzyme.
Docking of title compounds with DNA Gyrase of E. coli
The docking results are given in Table 5 . The XP docking indicated that the ligands have not shown any significant results with DNA gyrase at its' active site.
Compound 4f with Glide Score -4.803 and Emodel -61.315 was found with highest score among the derivatives. Although some compounds including 4f have displayed binding interactions with ARG 76 (pi-pi stacking) at the active site (Figure 4) , poor Gscores indicate that the compounds have not docked well at the active site of the protein. The SP mode has given a better Glide of the various docked complexes also shows that residues TYR 146 and PHE 94 play an important role in the receptor's activity. From the docked poses, we may deduce that for successful docking, pi-pi stacking interactions between the ligand and the receptor are very important. The in silico predictions suggest that title compounds could be potential anti-bacterial drugs showing specificity in inhibiting the enoyl reductase enzyme of E. coli.
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CONCLUSION
Molecular docking studies were executed for all the novel furan derivatives on four antibacterial target proteins of E. coli. Energy minimization of title compounds was carried out, the proteins were optimized and minimized, a 3-dimensional grid was generated at the active site and molecular docking was carried out using the SP and XP docking modes of Glide module. The ligands were docked into the active site of the respective proteins. The molecules were ranked according to the results of the docking simulations-their docking scores (GScore) and their binding energy with the enzyme (Emodel). Usually good ligand affinity for the receptor may be expected for low Glide score. If the binding energy is less, compound is more active. The result obtained from molecular docking of title compounds with enoyl reductase of E. coli is quite promising. Compound 4e (2, 4 -dichloro derivative) showed the best inhibition of the enzyme. Hence it is predicted to have good antibacterial activity. The study executed by Glide postulates that all the ligands fit well into the binding pocket of the enzyme. Conformational examination GLU: Gluatamine; HIE: Histidine; TRP: Tryptophan; CYS: Cysteine; VAL: Valine.
SUMMARY
In silico molecular docking studies were carried out on a series of synthesized novel furan-azetidinone hydrids to identify potential inhibitors of E. coli. Many efforts at discovering new antimicrobials have been concentrated on biosynthetic enzymes. Hence four essential enzymes of E. coli were selected from the literature. Using the GLIDE module of Schrodinger, molecular docking studies were conducted on four antibacterial targets of E. coli; Dihydrofolate reductase, DNA gyrase, enoyl reductase and methionine aminopeptidase. The ligands were docked on to the active site of the enzymes. Ligands were ranked according to their docking scores and their binding energy with the enzyme. Docked poses were examined to study the interactions at the active site of the receptors. The results obtained for the molecular docking of the title compounds with enoyl reductase of E. coli is quite promising. The study suggests that compounds 4E and 4D are potential inhibitors of enoyl reductase and specifically bind to the enzyme.
